A new technique of metal nanopowder production and in situ coating using a microarc discharge is proposed. The feasibility of this method is demonstrated and preliminary results are presented. The microarc discharge was operated at 1 atm in both pure Ar and natural gas environments. Respectively, aluminium nanoparticles without and with ∼1 nm thick carbon surface coating were obtained. The morphology and structures of the nanoparticles were studied using a transmission electron microscope (TEM), and size distribution of the coated particles was determined from the TEM image analyses. It was found that the sizes of the produced carbon-coated aluminium particles were well described by a lognormal distribution with the geometrical mean size of 22.7 nm and standard deviation of 1.35.
Introduction
Aluminium nanopowders were found to be highly chemically reactive, making them attractive for some combustion applications [1] [2] [3] . Commercially available electro-exploded 'Alex' nano-powder has been tested as an additive to solid propellants and was reported to significantly increase burning rates (in some cases as much as 5-10 times) as compared to regular propellant grade aluminium [1] . It has also been demonstrated that using such nanopowders brings other benefits, e.g. increased detonation rate of secondary explosives and a more complete consumption in engines with essentially no residue in ammonium perchlorate based propellants. Although the exact mechanism of the burning rate enhancement is not finally defined, it is the increased surface area per unit volume that is believed to contribute greatly to the nanoparticles' high reactivity [2, 3] . On the other hand, the ultrafine particle size and large specific surface area lead to a number of problems, such as a very high reactivity at low temperatures and high viscosity of the powder flow, making the nanopowders hard to handle and mix with solid oxidizers. Normally, to reduce the reactivity of metal fuel powders at low temperatures, pure metal particles are slightly oxidized at low oxygen pressures, so that a thin oxide film forming on the surface prevents them from further oxidation. A similar treatment has been applied for aluminium nanopowders. However, because of the extremely high specific surface, even a thin oxide film resulted in a significant volume fraction of oxide and thus in a decrease of the total energy release per unit volume or mass. One way to avoid the formation of oxide layers on the particle surface and maintain the high combustion enthalpy of the powder is to obtain particles coated with a material that is not reactive at low temperatures, but would oxidize during combustion. Carbon satisfies these requirements and could produce a coating with the desired properties. Moreover, it has been reported that carbon produces various nano-sized coatings with cage-like molecular structures on metallic nanoparticles, for example, LaC 2 crystals encapsulated in graphite nanoparticles [4, 5] or Al surrounded by giant onion-like fullerene [6] . This paper describes an effort to demonstrate the feasibility of an efficient and well-controlled technique for the production of aluminium nanopowders coated with thin carbon films.
Different techniques to produce carbon-coated nanoparticles have been explored recently: annealing metal nanoparticles in a hydrocarbon atmosphere (e.g. benzene [7] ); a chemical method of opening carbon nanotubes and filling them with metals [8] ; annealing a mixture of diamond and magnetic metal powders [9, 10] . Annealing magnetic metal-C films prepared by a sputtering method resulted in the formation of metal grains separated by graphite-like carbon layers [11] [12] [13] . All the above techniques involve post-processing of separately prepared metal nanopowders. Therefore, one of the main shortcomings of these techniques is that collection, storage and handling of nanoparticles are required which are not trivial for the uncoated and reactive nanopowders. Thus, in situ coating methods in which nanoparticle synthesis and coating are combined in a continuous process would be preferable. One of the most widely investigated and used methods for production of carbon-coated nanoparticles is an arc discharge method [14] [15] [16] [17] . The latest development of that technique used an arc discharge operated in a methane atmosphere with a consumable metal or alloy anode. The technique was successfully implemented to produce carbon-coated nanopowders of magnetic metals: Fe, Co, Ni and their alloys [18] [19] [20] [21] [22] [23] [24] .
The main drawback of the arc discharge technique is poor control over the particle uniformity in both composition and size, undermining the advantages of the relatively low cost and high productivity. As an alternative, laser ablation offers the capability of developing a continuous high throughput synthesis of coated nanoparticles [25] . However, it uses expensive and bulky high-energy lasers and special focusing optics, and thus is fairly expensive. In addition, the energy efficiency of the laser ablation process is very low since only a small portion of the energy supplied to the laser is actually used to ablate the metal in the laser beam. The production of coated nanoparticles using the ablation of metals by microarc discharge addressed in this paper is expected to offer all the advantages of the laser ablation technique, while the process is at the same time inexpensive and highly energy efficient, similar to the arc discharge method.
Experimental details
The microarc discharge is characterized by low voltage (1-50 V), high current (30-150 A) and, most importantly, a very short distance between electrodes (0.01-0.1 mm) [26, 27] . A microarc can be described as a regular arc compressed so that the entire discharge gap is filled with only boundary electrode layers without the usual arc column [26] . Preliminary theoretical analysis showed that the energy exchange between electrons and heavy gas particles (ions and molecules) is inefficient in the microarc, so that the electron and ion subsystems are characterized by different temperatures. Only a small portion of the energy that electrons acquire in the electric field is spent to heat the gas, whereas most of their energy is concentrated in the anode, resulting in a very high energy density (∼100 kW mm −2 ) in the anode spot. Therefore, a high-energy density electron flux rapidly heats, melts and boils away a thin layer of the consumable anode. The energy beam produced in a microarc has parameters similar to those of highenergy electron or laser beams. In addition, electron pressure exerts a force proportional to the microarc current on the anode surface, further assisting in the ablation of a metal surface layer. Both the energy flux and electron pressure are readily controllable by adjusting the operating conditions. Modulation of the microarc current can be used to control the heat input and anode material ablation rates during the process. Because of the very high energy density and ablation rate, this nanopowder synthesis technique can be designed for high throughput. This paper describes experiments aimed at the initial identification of the microarc parameters required to consistently produce uniform coated and uncoated nanopowders. In this feasibility study, a pulsed microarc regime has been used in which electrodes remained motionless during the discharge pulse and the anode position was adjusted between the pulses.
The experimental set-up used is shown schematically in figure 1. It includes a DC power supply, a pulse generator for the control of the time parameters of the microarc pulses, voltage and current amplifiers for the microarc and an electrode unit. Triggering and pulse duration are determined by the digital pulse generator. The discharge voltage and current can be adjusted nearly independently of each other using respective electronic amplifiers. The independent adjustment of different microarc pulse parameters provides great flexibility in selecting the discharge type adequate for the specific application. The electrode unit consisted of a copper toolcathode, and a cylindrical aluminium rod (1/2 diameter, Alfa Aesar, 99+% purity) used as a consumable anode. The electrodes were mounted on a 3D positioner to adjust and maintain the distance between electrodes and rotate the anode around its axis between the microarc pulses so that fresh surface could be heated and ablated in each pulse. The typical surface area affected by a single microarc pulse of 200 µs duration was about 0.5 mm in diameter, and therefore the anode position was adjusted accordingly from pulse to pulse. The electrodes were placed in a controlled environment chamber filled with argon. A slow jet of carrier gas was introduced into the space between the electrodes. The anode material ablated in the discharge and condensed in the gas flow. A collection substrate was placed approximately 3 mm away from the electrodes and nanoparticles produced in the gas flow drifted towards the substrate and were deposited as a thin layer. The deposition of the nanoparticles from the heated gas flow onto a substrate at room temperature occurred most likely due to thermophoretic forces. Silicon wafers served as substrates in the initial tests. Samples of nanoparticles for electron microscopy were deposited directly on carbon-coated copper grids (20-30 nm carbon, 200 mesh transmission electron microscope (TEM) copper grids by Electron Microscopy Sciences). Each sample of nanopowder was produced by a series of 20-30 single pulses, separated by about 1-2 s intervals. The microarc generator was operated manually-a single pulse was produced when the operator triggered the pulse generator. Pure, uncoated aluminium nanoparticles were produced in argon, with argon also used as carrier gas. To obtain carboncoated nanoparticles, natural gas was used as the carrier gas. This way, Al nanoparticles coated with carbon were expected to be produced similar to experiments described in [18] [19] [20] [21] [22] [23] [24] , where magnetic metal nanoparticles produced in the arc discharge were in situ coated with graphite-like carbon.
The properties of the obtained particles depend on the process parameters.
Some of the important adjustable parameters in the microarc synthesis are the distance between electrodes, current, voltage and pulse duration. The powder production rate and the sizes of particles also depend on the anode material and pressure and composition of the gas environment. The gas flow rate and pressure maintained in the chamber can be particularly important in the case of coating. One of the difficulties in adopting the microarc for nanopowder synthesis, similar to the plasma arc discharge and laser ablation, is the formation of large micron sized particles as a result of sputtering caused by the interaction of the anode surface with the high energy density flux. An optical microscope was used to examine substrates with deposited powders to determine the presence of large metal droplets (sputter), and the microarc current, voltage and pulse duration were adjusted to avoid its production. It was found that, for minimum sputter with an aluminium anode, the microarc parameters should be adjusted around the following values: a current of 50 A, a voltage of 5 V and a pulse duration of less than 500 µs. The carrier gas flow velocity used in all the experiments was close to 3.5 m s −1 and the pressure in the chamber was maintained at 1 atm.
The samples of nanoparticles deposited on a copper grid placed on a collection substrate were later characterized using a Philips CM 200 field-emission-gun transmission electron microscope (FEG-TEM) operated at 200 kV. TEM images and selected-area electron diffraction patterns were acquired with a double-tilt low background specimen holder at ambient temperature. 
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Results
The TEM images of nanoparticles produced in flows of Ar and natural gas are shown in figures 2 and 3, respectively. As shown in figure 2, particles produced in the Ar flow had sharp edges, crystalline structure and were non-uniform in size. In contrast, particles produced in the natural gas flow, as shown in figure 3 , were remarkably uniform in size, their shapes were round and most of these particles were amorphous. A higher magnification TEM image of these particles is shown in figure 4 . Even though most of the formed particles were amorphous, as shown in figure 4 , several crystalline particles were also observed and an example is shown in figure 5 . A diffraction pattern shown in the top left corner of figure 5 was collected from the particle shown in the centre of the image and it indicates a monocrystalline aluminium nanoparticle. The particle orientation on the sample holder is undetermined and thus the diffraction pattern is not indexed. Several layers of a continuous graphite-like carbon coating are clearly visible on the particle surface (cf figure 5) . However, a similar coating could not be unambiguously identified on surfaces of the amorphous particles (cf figure 4) . It is speculated that the crystalline particles could be formed directly on the substrate as a result of mild annealing due to the deposition of heated neighbour particles. However, it was not clear why a carbon layer present on the surface of crystalline particles was not apparent on the surface of amorphous particles of the Al Carbon layer Figure 5 . High magnification TEM image of a crystalline Al nanoparticle coated with a thin carbon layer produced in the microarc operated in a natural gas flow. A diffraction pattern produced by the monocrystalline particle is shown in the top left corner.
same size, produced using the same process and in the same environment. It was noted that, if the amorphous particles were coated by an amorphous carbon layer, it would not be resolvable from the TEM images of the particles placed on a TEM grid that itself used a thin layer of amorphous carbon as sample support. To identify whether carbon coating is present on amorphous particles produced in natural gas, samples were annealed in vacuum at 350
• C for 3 h. Both samples produced in natural gas and argon were annealed directly on the TEM grids using exactly the same procedure to identify whether a carbon layer on the grid affected surfaces of the particles during annealing. Annealed samples were inspected using the TEM, similar to 'as-prepared' samples. Essentially no change in the sample morphology was observed as a result of annealing for the particles produced in argon. However, amorphous particles formed in the natural gas flow were crystallized as a result of annealing, as shown in figure 6 . Thin graphitic layers became distinguishable on the surface of the annealed particles. In order to better visualize the thin surface layers, annealed particles located at the edge of the grid coating were selected, like the one shown in figure 6 . Because of the interference with the grid's supporting carbon film, the entire surface of the particle could not be clearly analysed; however, an arrow in figure 6 indicates a graphite monolayer visible on the unobstructed part of the particle surface. Thus, it can be concluded that carbon coating was indeed present on the surface of the particles produced using the pulsed microarc in natural gas and it was made visible through annealing. Additional evidence of the presence of the protective carbon film on particles produced in natural gas was that no oxidation was noticed for the nanoparticle samples subjected to air at ambient conditions for a period of 6 months. The TEM images of the air-exposed particles annealed in vacuum showed very uniform crystalline aluminium structure, such as shown in figure 6 , with no traces of an oxide layer.
The annealing experiments showed that the formation of carbon-coated crystalline nanoparticles is feasible from the amorphous nanopowders produced in the microarc, and that the annealing can be conducted without destruction of the overall nanoparticle morphology.
The size distribution of carbon-coated aluminium nanoparticles produced in the natural gas flow was determined Figure 6 . A high magnification TEM image of a crystalline Al nanoparticle formed as a result of annealing of amorphous Al samples produced in the microarc operated in a natural gas flow. The particle is located at the edge of a carbon supporting film on the grid so that the effect of the grid's carbon film on the image is minimized. The unobstructed portion of the particle shows aluminium crystal layers and a monolayer of graphitic carbon coating.
Figure 7.
Experimental size distribution of the carbon-coated aluminium nanoparticles produced in the microarc operated in a natural gas flow (376 particles processed) and the best fit for the experimental data produced using the lognormal size distribution function.
based on the TEM image processing using Canvas 7.0 software.
The resulting size distribution is shown in figure 7 . A curve-fitting procedure indicated that, as shown in figure 7 , the experimental particle size distribution is extremely well described by a lognormal distribution function with a geometrical mean size of µ = 22.7 nm and a standard deviation σ = 1.35.
Discussion
The most interesting result of this experimental project is the production of aluminium nanoparticles of nearly uniform size with a very thin, protective carbon coating. As mentioned above, such powders could be of significant interest for a number of applications in energetic materials so that an effort on the scale-up of the microarc process would be needed. Thus, understanding of the mechanisms of particle formation and coatings is needed in order to identify an approach for scaledup production.
The rate at which the nanopowders can be produced is of major concern for applications. The production rate for the microarc process can be roughly estimated, assuming that 80% of the microarc discharge energy supplied to the aluminium anode is spent to heat and evaporate the aluminium that would form the nanopowder. This energy efficiency estimate is based on earlier microarc experiments and measurements [26, 27] . In a commercial process, the time between subsequent pulses could be reduced to the pulse duration time, so that, neglecting the conductive heat removal from the anode spot, the following heat balance equation can be used to estimate the nano-powder mass production rate:
whereṁ is the nano-powder mass production rate, c p is the heat capacity of aluminium, T is the difference between room temperature and the boiling point of aluminium, H m and H e are melting and evaporation enthalpies of aluminium, respectively, and W is the power of the microarc discharge. The nanopowder production rate estimated from the above heat balance equation is of the order of 0.01 g s −1 . Multiple microarc electrode pairs can be used to accelerate the production rate in the future.
Size uniformity and size distribution are the key characteristics of the nanopowders for most of the applications. A research group at Los Alamos National Laboratory (LANL) led by Martin studied size distributions of several samples of aluminium nanopowders using high resolution TEM image processing [28] . For the three types of aluminium powder analysed, synthesized by LANL, Argonide Corp., and a supplier from Japan, the lognormal functions were found to describe the size distributions reasonably well. The average particle sizes varied from 18 to 150 nm and the standard deviations varied from 1.6 to 2. Thus, it appears that the powders produced in this research with natural gas as a carrier gas have an average size close to the finest aluminium powder produced and the narrowest particle size distribution. The lognormal distribution function was also found to describe very well the particle size distribution for the powders produced in this work. It is known that the lognormal function describes well the sizes of particles produced in many processes involving an evaporation/condensation sequence, such as inert gas evaporation from an oven or filament, nozzle expansion and wire explosion [29] . For a range of relevant techniques, the standard deviations of the obtained lognormal particle size distributions were reported to be in the range of σ = 1.48 ± 0.12 [29] , which is in reasonable agreement with the parameters of the size distribution found in this work. It was also argued that the lognormal particle size distribution results when coalescence plays the key role in the particle growth mechanism as opposed to direct atomic absorption [29] . Similarly, it is known that the 'selfpreserving' lognormal distribution can be produced as a result of particle growth controlled by thermal coagulation [30] . Geometrical standard deviation (GSD) for such a distribution asymptotically reaches a value of 1.32-1.36 [30] . It is remarkable that the standard deviation obtained from the size analysis of aluminium nanoparticles produced in this work is 1.35, consistent with the GSD expected for the established self-preserving size distribution. Thus it is reasonable to expect that random coalescence (or thermal coagulation) is also important for the growth of aluminium nanoparticles produced in the microarc discharge. The narrow particle size distributions for the powders produced in this work could be correlated with the relatively high process pressure (1 atm). This pressure was higher than that for most of the arc syntheses processes operated normally at subatmospheric pressures [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , resulting in a higher degree of supersaturation for the condensing particles. This, in turn, could have resulted in a higher yield of particles of similar size produced by homogeneous condensation, which would eventually result in a narrower particle size distribution. Thus, one can expect the process pressure to be an important variable affecting the particle size distribution, while at the same time, it is known that higher pressures lead to larger particle sizes (cf [29] for inert gas evaporation processes and [31] for arc discharge). Therefore, it is suggested that an investigation of the effect of pressure on the particle size distribution for microarc synthesis would be of considerable interest.
In situ formation of thin carbon coatings protecting the otherwise very reactive aluminium nanoparticles from oxidation is also very important for practical applications. While thin carbon coatings on the surface of metal nanoparticles were observed to form in a number of studies, the formation mechanism of the coating needs to be further investigated. Very thin coatings of one or two monolayers, similar to the ones observed in this work, have been formed on the surface of Co and Ni [16, 17] as a result of arc discharge in an inert atmosphere with a carbon-containing electrode. However, in order to produce continuous coatings on the surface of particles of Cu and Ti (metals which, similar to Al, are poor catalysts for the growth of carbon layers), methane was added to the gas environment of the arc discharge [17] . It was often observed that the thickness of the initial, single-layer carbon coatings increased significantly as a result of annealing of materials capable of dissolving significant amounts of carbon, e.g. Co and Ni [16, 17] . A mechanism of formation of thin carbon coatings through physical condensation of gasified carbon on the surface of molten metal droplets was discussed in [17, 32] , describing the arc discharge process operated in inert gas and using a consumable carbon cathode with a metal-filled void. This mechanism involves elemental carbon and thus is not likely to be directly relevant to the microarc process investigated in this work in which no carbon electrodes were used. Another formation mechanism of carbon coating involving decomposition of gaseous hydrocarbon molecules was discussed for the arc discharge technique operated in a methane atmosphere [18] [19] [20] [21] [22] [23] [24] , and it appears to be the most relevant to the results of this work. However, an important distinction is that the decomposition of the hydrocarbon gas in arc discharge occurs primarily in the arc column, whereas in the microarc the effect of the discharge plasma is negligible compared to the effect of the hot metal surface of the condensing metal particles. This difference in the mechanism of decomposition of hydrocarbon molecules is expected to affect the type and thickness of the carbon coatings that can be produced in the microarc compared to the regular arc discharge technique.
